We estimated demographic parameters and harvest risks for a population of polar bears (Ursus maritimus) inhabiting the Gulf of Boothia, Nunavut, from 1976 to 2000. We constructed estimates of survival and abundance from capture-recapture and harvest recovery data (630 marks-at-risk) using a Burnham Cormack-Jolly-Seber model formulation implemented in program MARK. Total abundance in the last three years of study averaged 1528 ± 285 (SE) bears. Model selection based on ΔQAIC c suggested survival rates did not require stratification by sex. We estimated total annual survival as 0.817 ± 0.201 for cubs (age 0), 0.875 ± 0.085 for subadults (ages 1-4), and 0.935 ± 0.040 for adults (ages 5+). Mean size of newborn litters was 1.648 ± 0.098 cubs. The proportion of available females (i.e., unencumbered or possessed 2-year-old cubs in the year previous) that subsequently had litters at time of census was 0.19 ± 0.18 for age 5, 0.47 ± 0.17 for age 6, and 0.965 ± 0.30 for ages 7+. We incorporated demographic parameters and their variances into a harvest risk analysis designed to consider demographic, process, and sampling uncertainty in generating likelihoods of persistence (i.e., a stochastic, harvested Population Viability Analysis [PVA]). Our results suggest that past harvest in the Gulf of Boothia has been below the maximum sustainable yield and the population is currently growing (8 = 1.046 ± 0.020). Our simulations suggest that a legislated increase in harvest rate to 74 bears/year will likely be sustainable.
Introduction
Polar bears (Ursus maritimus) have recently gained attention as a species vulnerable to pollution (Born, Renzoni & Dietz, 1991; Norstrom & Muir, 1994; Bernhoft, Wiig & Skaare, 1996; Durner, Amstrup & McDonald 2001; Wolkers et al., 2004) and habitat change in response to global warming (Derocher, Lunn & Stirling, 2004 ). While we do not disagree that risks of these impacts to polar bears are of potential, long-term significance, it is clear that the most important human impact to the species is currently direct, humancaused mortality in the form of hunting. All historical declines in polar bear populations in North America can be attributed to unsustainable harvesting (e.g., Beaufort Sea and Chukchi [Amstrup, Stirling & Lentfer, 1986] ; Western Hudson Bay [Derocher & Stirling, 1995] ; Viscount-Melville Sound ; M'Clintock Channel [Taylor et al., 2006] ), and where data suggest that climate change is currently impacting survival rates hunting of polar bears is of major cultural and economic importance to many northern residents (Freeman & Wenzel, 2006) , we believe human-caused mortality will continue to play the major role in determining trends of polar bear populations.
To avoid hunting unsustainably, but yet maximize offtake, the general approach has been to develop deterministic models of abundance and yield. If some individuals are harvested from a population, survival and reproduction of remaining individuals are expected to increase to compensate for the losses. If the rate of harvest is excessive, the population will be unable to maintain its numbers. If the rate of harvest is too low the population will increase until density-dependent reductions in birth, death, or both cause the population to stabilize at a higher number. From a deterministic perspective there is only one rate of harvest that will stabilize a population at its current number and be sustainable indefinitely. Determining harvests that are sustainable depends upon a number of factors, including abundance, natural rates of birth and death, and the sex and age composition of the harvest (Caughley & Sinclair, 1994) . Unfortunately, since population size and vital rates are almost always obtained with some degree of error, either through sampling error or observations of process (e.g., environmental) variation, deterministic attempts to calculate sustainable yields are only rarely of value for managing real populations.
Rather than relying on deterministic models to establish sustainable yields, an alternative approach may be to manage for harvests that provide for some reasonable likelihood of population persistence some time into the future. Models of probability of persistence, such as stochastic Population Viability Analysis (PVA [review in White, 2000] ), are ideal for incorporating uncertainty of input parameters into harvest models.
When information is uncertain, theoretically any harvest level poses some risk to a population. PVA has the flexibility to provide managers and stakeholders with harvest compositions that are sustainable with an associated probability, but also consequences should a harvest later be deemed too severe (e.g., required length of moratorium to restore the population ).
We used mark-recapture data collected from 1976 to 2000 to estimate demographic rates and their variances for polar bears inhabiting the Gulf of Boothia, Nunavut (Figure 1 ), and harvest risks for the population at estimated size. Our demographic analysis included a detailed assessment of age-and sex-specific survival and recruitment from 630 marked polar bears, using information contained within the standing age distribution of captures and survival and abundance estimates from mark-recapture analysis. We incorporated demographic parameters and their variances into a harvest risk analysis designed to consider demographic, process (e.g., environmental), and sampling uncertainty in generating likelihoods of persistence (i.e., a stochastic, harvested PVA).
Methods

STUDY AREA
The geographic bounds of the Gulf of Boothia polar bear population ( Figure 1 ) has also been previously evaluated using movements of marked and recaptured (or harvested)
individuals (Taylor & Lee, 1995) , DNA analysis (Paetkau et al., 1999) , and movements of radio-collared adult females (Taylor et al., 2001a) . Our study area in this paper corresponds to the Gulf of Boothia polar bear population identified in Taylor et al. (2001a) .
CAPTURES, RECAPTURES, AND RECOVERIES
There have been three main capture programs in the Gulf of Boothia yielding data for use in this study (Table I ). The first effort (1976) (1977) (1978) was part of a general arctic polar bear study conducted in the mid-1970's (Schweinsburg, Furnell & Miller, 1981; Schweinsburg, Lee & Latour, 1982; Furnell & Schweinsburg, 1984) . For a brief period from 1986 to 1987 a limited number of polar bears (n = 5) were captured along coastal areas in the study area ( were primarily immobilized with Sernylan (Furnell & Schweinsburg, 1984) ; bears captured in later years were immobilized with Telazol (Stirling, Spencer & Andriashek, 1989) .
Upon initial capture, we assigned a unique identification number to each bear and marked the animals accordingly using a plastic ear tag and permanent lip tattoo. We also marked each bear with a wax crayon on the fur to ensure that they were not captured more than once per year. We considered a bear's age as 'known' if the bear was captured as a cub-ofthe-year (cub) or yearling, or its age was estimated by counting annular rings of an extracted vestigial premolar (Calvert & Ramsay, 1998) . The sex, age, family status, and location of all polar bears killed by hunters, killed as problem bears, or found dead from any cause were recorded.
SURVIVAL AND ABUNDANCE
Estimates of survival and abundance were constructed from analysis of capture-recapture data using the Burnham Cormack-Jolly-Seber (CJS) model formulation implemented in program MARK (White & Burnham, 1999 ). The Burnham model also incorporates harvest recoveries of tagged animals into a CJS model framework for capturerecapture data. The CJS likelihood for capture-recapture data is conditioned on initial capture events (i.e., the initial capture is treated as a release). The likelihood is based solely on recapture events of marked (i.e., previously caught) animals, and is defined by user-specified models for survival (S) and recapture probabilities (p) that may be expressed as functions of covariates such as sex, age, and time. The Burnham model extends the CJS model to include a model for reporting probabilities (r) that may also include covariates (i.e., the probability that a dead bear is reported [recovered] in a given year). Here we fixed the fidelity parameter, F, at 1.0; that is, we assumed no permanent emigration from the Gulf of Boothia population.
We For 1994-2000 data, we examined a series of models for capture probability that incorporated potential covariates. We expected that capture probability would vary by year because capture teams were different each year. Therefore, we considered a model that allowed capture probability to vary for each year and another model in which capture probability was the same for all years. Within the area searched in a given day, bears were located by visual observation and tracking from a helicopter. Successful location and eventual capture were likely to be affected by the number of bears in a group, their reaction to the helicopter, movement patterns, and fidelity to known areas of high use. Because these factors were likely to vary for different ages and sexes, we categorized bears by sex and age (cubs [0 years], subadults [1-4 years], and adults [5+ years]), and considered models in which capture probability varied for these classes.
For survival and recovery probabilities, we also considered models that included covariates of sex, age, and year: males were expected to be harvested at a higher rate than females; we expected cubs to have lower survival than non-cubs; and annual differences in environmental conditions were likely to create temporal variation in survival.
We fitted a series of Burnham-CJS models using each capture probability model with each survival and recovery probability model (White & Burnham, 1999) . We considered additive models with main effects (e.g., sex + year) and some limited interactions (e.g., age × sex, year × sex), but did not consider models with higher order interactions because there were too few data to support the additional complexity. We used Akaike's Information Criterion adjusted for sample size and over-dispersion (QAIC c ) as a guide for model selection (Burnham & Anderson, 2002) . The data were likely to be overdispersed (i.e., greater than binomial variation) because survival and capture events of family groups (e.g., females with cubs or yearlings) were not independent. We estimated the overdispersion coefficient, ĉ, based on the number of dependent cub captures relative to all captures . We ranked the model with the lowest QAIC c as best, and we used differences in QAIC c between the best-fitting model and every other model (ΔQAIC c ) to identify other likely models. We followed Burnham & Anderson (2002) in selecting likely models, where ΔQAIC c < 2.0, 2.0-4.0, 4.0-7.0, and >7.0 can be said to exhibit strong, some, little, or no support, respectively. We also used program MARK to calculate the ΔQAIC c weight for each candidate model; these weights sum to 1.0 and represent the relative likelihood of each model (Burnham & Anderson, 2002) . For models with ΔQAIC c < 2.0 we used model averaging, weighted according to ΔQAIC c weights, to present parameter estimates (Burnham & Anderson, 2002) .
Because the Burnham-CJS model likelihood did not include the probability distribution for unmarked animals, it was not likely to have the best precision for estimating abundance when survival and capture probabilities are not time dependent (i.e., constrained Jolly-Seber model). Thus, although we used the Burnham-CJS model formulation to estimate survival rates, we used the Jolly-Seber approach to estimate abundance. We used estimated re-capture probabilities (p) from marked animals in the CJS portion of the Burnham-CJS likelihood and used it as the capture probability for both previously marked and unmarked animals to estimate abundance (N) for each year i . We computed variance estimates for N i using a Taylor series approximation that contains a component of variance for the number of marks observed and another for estimation of p (Thompson, 1992:165) .
For cases where we stratified the population into k strata (e.g., sex), the total estimated population was the sum of stratum estimates and the variance estimator was extended to include covariances between estimated capture probabilities in the k strata (see . We used a similar estimator to construct a variance estimate for the average population size over several years.
Our estimates of total survival derived from capture-recapture data, S, included losses from harvest. We were interested in estimating natural survival, S N , to investigate potential impacts of alternative harvest strategies. As the total harvest of Gulf of Boothia polar bears was known, we used the approach presented in to estimate natural survival, S N , from the average annual harvested population size and total survival (S), which assumes that harvest and natural mortality occur in two separate time periods.
Here, we also used a Taylor series approximation for the variance of natural survival.
REPRODUCTION
We estimated reproductive parameters from the standing age distribution based on captures and recaptures from 1994 to 2000. Each individual or family group was recorded by age as a male, solitary female, female with a cub, female with 2 cubs, female with a yearling, female with 2 yearlings, female with a 2-year-old, or female with 2 2-year-old cubs. One female with 3 offspring was observed and was treated as an observation of a female with 2 offspring for analysis.
Our methods for estimating litter size, age-specific litter production rates (for females aged 4, 5, 6 and 7+ years), and sex ratio at birth from the standing age distribution are described in and Taylor, Carley & Bunnell (1987) , and available as the software package 'Vital Rates' (Taylor, Kuc & Abraham, 2000) . Variances of summary reproductive parameters were determined from Monte Carlo simulations with 1,200 iterations available in program Vital Rates (Taylor, Kuc & Abraham, 2000) .
POPULATION GROWTH RATE
The geometric mean, zero-harvest population growth rate (λ N ) and harvested (i.e., total) population growth rate (λ H ) at stable-age distribution were calculated according to Taylor et al. ( , 2001b . We ran 1,200 Monte Carlo simulations to estimate the geometric mean of λ using the life table-based (Caughley, 1977) , Visual Basic program 'RISKMAN' (Taylor et al., 2001b; see Eastridge & Clark, 2001 , Howe, 2002 , 2005 . We described variability about λ by presenting the bootstrapped standard deviation (SD) of λ (Manly, 1997).
HARVEST RISK ANALYSIS
We also used RISKMAN to model risks of future declines in the Gulf of Boothia polar bear population given population parameters and uncertainty in data (i.e., population viability). RISKMAN can incorporate stochasticity into its population model at several levels, including sampling error in initial population size, variance about vital rates due to sample size and annual environmental variation (survival, reproduction, sex ratio), and demographic stochasticity. RISKMAN uses Monte Carlo techniques to generate a distribution of results (Manly, 1997) , and then uses this distribution to estimate population size at a future time, population growth rate, and proportion of runs that result in a population decline set at a predetermined level by the user. We adopted the latter to estimate persistence probability.
Our approach to variance in this simulation was to pool sampling and environmental variances for survival and reproduction. We did this because: 1) our estimator of variances for reproductive parameters did not lend itself well to separating the sampling component of variance from environmental variance, and 2) we were interested in quantifying the risks of population decline including all sources of uncertainty in the data.
For each simulation, the frequency of occurrence of unacceptable outcomes (based on a threshold value of decline that was >20% of initial population size) was monitored and reported as the cumulative proportion of total runs over the threshold after 15 years. We chose to conduct model projections using these criteria because: 1) the population inventory cycle for this population is currently planned to be 15 years in duration, 2) we do not advocate using PVA over long time periods in view of potential significant changes to habitat regarding climate change in the Arctic, and 3) we felt most readers would appreciate a >20% decline in population size over 15 years as an unacceptable outcome. For comparison, we also present the probability of any decline over the period of simulation (in which case 1 minus this value represents the likelihood of population increase). Individual runs could recover from 'depletion', but not from a condition where all males or all females or both were lost. Required population parameter estimates and standard error inputs included: annual natural survival rate (stratified by age and sex as supported by the data), age of first reproduction, age-specific litter production rates for females available to have cubs (i.e., females with no cubs and females with 2-year-olds), litter size, the sex ratio of cubs, initial population size, and demographic distribution of the harvest.
The standing age distribution was female-biased due to long-term overharvest of males (Table 1) . Because we wished to err on the side of caution, for all simulations we used the stable age distribution expected to be achieved by the population for a given harvest rate as the initial age/sex distribution (i.e., initializing the population at the stable age distribution produced more conservative outcomes compared to that of the existing standing age distribution). The harvest selectivity and vulnerability array was identified by comparing the standing age distribution of the historical harvest to the total mortality, stable age distribution. Harvest was stratified by sex, age (cubs and yearlings, age 2-5, age 6-19, and age >20) and family status (alone, or with cubs and yearlings, or with 2-year-olds).
We ran harvest simulations using natural survival rates, upon which incrementally increasing rates of harvest (i.e., human-caused mortality from all sources) were added (0-100 bears/year). We present our harvest risk analysis as the estimated probability of decline (any decline and >20%) from initial population size after 15 years vs. annual kill of bears. Simulations were time referenced to the last year of study (2000) . The starting population size was the average of the 1998-2000 population estimates obtained from mark-recapture analysis. The RISKMAN manual and online help file (Taylor et al., 2001b) provides a comprehensive description of the model structure and approach to variance estimation.
Results
CAPTURES, RECAPTURES, AND RECOVERIES
We captured 630 individual polar bears in the study area from 1976-2000 (Table I ).
Recapture rates were approximately equal between the sexes; however, as expected males were more likely to be recovered (i.e., harvested) than females (Table I) .
SURVIVAL AND ABUNDANCE
Our best-fitting model specified temporal variation in survival probability for cubs, subadults, and adults, temporal variation in recovery probabilities for cubs and non-cubs (pooled subadults and adults), and modelled recapture probability as a constant (Table II) .
There was only slight support for a sex effect in survival/recovery probabilities (Table II) , which precluded inclusion of sex effects when estimating final parameters. One additional model was sufficiently close to the best-fitting model to be included in a model average (Table II) 
POPULATION GROWTH RATE
We calculated the stable-age, zero-harvest population growth rate, 8 N , as 1.064 ± 0.020. The harvest between 1974 and 2000 was selective for male bears (Table I) 
Discussion
Our results suggest that adult male and female polar bears should be modeled with the same rate of survival. We did not expect this result, especially considering the malebias in the harvest (Table I) . Previous research on adjacent populations of polar bears (using the same or similar methods as in this study) detected sex effects in survival of adults (Taylor et al., , 2005 (Taylor et al., , 2006 hence, further population growth is certain to be reduced, if not stopped entirely.
Our risk assessment is an expression of the uncertainty in the demographic process and parameters. We suggest that our results are more realistic than a deterministic maximum sustained yield estimate that does not consider the uncertainty of the underlying information. Both managers and stakeholders must recognize that scientific information rarely provides exact and absolutely correct harvest rate or harvest quota values.
Researchers have a responsibility to quantify the uncertainty of their measurements and the uncertainty of their management recommendations. Reporting scientific results in this manner identifies where local and traditional knowledge may be used to guide final management decisions. 
